Sustainable water management must nowadays consider alternative water sources and the use of reclaimed water is a good candidate. Low-pressure ceramic membrane filtration is an emerging option for safe water reclamation given its high mechanical and chemical robustness with safety and operational advantages. One-year pilot studies of hybrid coagulation-ceramic filtration were developed in Portugal in two wastewater treatment plants in the Lisbon metropolitan area. The results obtained demonstrated the technology's effectiveness, reliability and efficiency towards water quality, with the hybrid process consistently producing water highly clarified (monthly median <0.1 NTU), bacteria-free and with reduced organic matter content, regardless of the strong and severe variations in its intake.
INTRODUCTION
Portugal has abundant potential freshwater resources. However, there is a shortage of its availability given the irregularity of their occurrence, both along the territory and over the year. The climate variability along the Portuguese territory is the first reason for the pronounced spatial differences that are observed in freshwater availability. Moreover, the consequences of this climate diversity on freshwater availability are greatly amplified by the demographic characteristics and the pressure of some important economic activities to meet growing needs. It is, therefore, important to develop water sources alternative to the ground and surface waters largely explored (Viegas et al. ) . The use of treated wastewater is a good candidate, particularly in urban areas where the production is close to its use, with a constant availability although with a variable quality (Viegas et al. ) .
In the scope of FP7 project Transitions to the Urban water Systems of Tomorrow (TRUST), as part of technologies and management options, the study of alternative water resources was envisaged, namely for urban water reuse. A pilot membrane plant was sought for tertiary treatment of effluent designated for reuse in Portugal.
Low pressure membrane technology is an adequate option for removing turbidity and micro-organisms (including biological forms chemically resistant, e.g. protozoan (o)ocysts, microalgae and cyanobacteria) from water, and their efficiency and effectiveness for dissolved organic matter may be substantially improved by, e.g. the use of the right coagulant and/or adsorbent, namely powdered activated carbon (PAC) (Campinas & Rosa ) . As with polymeric membranes, a previous coagulation step may significantly improve the CMF performance with respect to fouling, and enhanced removals of viruses and organic matter may be also obtained with the hybrid coagu- The aim of this paper is therefore to demonstrate at pilot scale the long-term effectiveness, reliability and efficiency of the HCMF process towards water quality, especially regarding bacteriological content and turbidity (enhanced removal of organics is to be addressed in a study to follow).
To assess the membrane performance under different intake water qualities, three reclamation schemes (RSs) were studied in two test sites, Frielas and Beirolas wastewater treatment plants (WWTPs). These are two of the biggest WWTPs in Lisbon metropolitan area, with daily average flowrates of 54,500 m 3 /day and 70,000 m 3 /day, respectively, and with on-going and planned treated wastewater uses (Table 1) .
MATERIAL AND METHODS
Three RSs were studied ( Table 1 ). The HCMF pilot is depicted in Figure 1 and the MF membrane (Metawater, Tokyo, Japan) characteristics are shown in Table 2 . The wide range of operating conditions tested is summarised in Table 3 .
The pilot was fully automated, remote controlled and had in-line monitoring of pressure, flow rate, temperature, pH and turbidity. It was operated at constant flux, in deadend filtration mode and with in-line dosing of coagulant, in this case, ferric chloride. Regular cleaning was performed at the end of a filtration cycle by an initial backwash with pressurised permeate and then, after some seconds, by simultaneous air blown into the feed channels. The backwash pressure expanded from an initial value of 5 bar to about 2 bar at the end of the regular cleaning. The pressure of the air blow was also 2 bar. In total, the regular cleaning cycle lasted about 20 seconds. Chemically enhanced backwash (CEB) cycles were performed by backflushing and soaking the membranes for 10-15 minutes, either with sulphuric acid or sodium hypochlorite. The CEB procedure was conducted no more than four times per day. The statistical significance of differences was assessed through one-way analysis of variance (ANOVA) p-value.
Using this method, for a p-value greater than 0.05 (corresponding to 95% confidence), there is no statistically significant difference between the group means being compared, while for p-values below 0.05 a significant difference exists. 
RESULTS AND DISCUSSION
Representative parameters of HCMF intake and filtrate water quality are depicted in Figures 2-4.
In RS1 (Table 1) for the HCMF process. Nevertheless, the HCMF pilot was able to cope with such water fluctuations and the treated water presented a very good and constant quality, with a monthly median of turbidity equal or lower than 0.10 NTU (Figure 3 ) and zero FC (intake FC was 1 × 10 4 -5 × 10 5 CFU/100 mL) ( Figure 4 ). The water pH was not substantially affected by HCMF, with 95% of the intake values between 6.8 and 7.3 and the filtered water 0.3 units below (Figure 4 ), since the coagulant (ferric chloride) addition required for turbidity and FC removal was kept to 3-7 mg Fe/L.
In RS2, the biofilter effluent was filtered through a 100 μm disk filter before feeding the HCMF (Table 1) . This additional operation produced an HCMF intake of more steady quality, with turbidity values mostly between 1 and 10 NTU (Figures 2 and 3) . In this period, the filtrate turbidity was mostly around 0.1 NTU (Figures 2 and 3) . The intake water showed UVT254 values between 44 and 70% (the lower values recorded may compromise UV disinfection effectiveness, depending on the UV lamp design) and the filtered water between 61 and 79% (Figure 4) . The intake water showed up to 2 × 10 5 CFU/100 mL of FC, which were totally removed by the HCMF regardless of the water transmittance. During this longer period, with more frequent water analysis, intake DOC was 6-12 mg C/L and (Figure 4) . The removals were up to 25% for DOC (12-25%) and 29% for UVA254 (9-29%).
There were no statistically significant differences between DOC and UVA254 removal means as determined by oneway ANOVA (p-value was 0.48), so there was no significant preferential removal of UVA254 absorbing substances, i.e. of aromatic high molecular weight organics, over DOC. The colour (Abs436) removal varied between 22 and 45%, often exceeding 30% (Figure 4) and was significantly higher than DOC or UVA254 removals, as evidenced by the one factor ANOVA p-value of 0.0006 obtained. As in RS1, the water pH was quite steady, again P5-P95 of 6.8-7.3 in the intake and 6.6-7.1 in the treated water, values obtained using a coagulant dose of 5-10 mg Fe/L. RS3 was tested in a different test site, the Beirolas WWTP, where the secondary effluent is sand filtered prior to feeding the HCMF pilot (Table 1) . The HCMF intake water was also of steadier quality than in RS1, showing turbidity values in a similar range as in RS2 (P95 of 4 NTU and 2.5 NTU in May 2013 and January 2014, respectively) ( Figures 2 and 3) . Again, the filtrate presented a very good and constant quality, with turbidity mostly around 0.10 NTU. The FC found in the HCMF intake water (with 44-76% UVT254) were up to 2 × 10 5 CFU/100 mL (Figure 4 ) and were totally removed by the HCMF. The DOC values of the HCMF intake water were lower than in RS2, 4-8 mg C/L, as well as the UVA254 values, 0.12-0.18 cm -1 (Figure 4) .
The removals varied between 14 and 33% for DOC and 13-33% for UVA254, and no significant preferential removal of one over the other was observed (p-value was 0.20). The colour removal varied between 18 and 57% and was significantly greater than DOC or UVA254 removals, as determined by the one-way ANOVA p-value of 0.001 (less than 0.05). The HCMF intake water had a slightly lower pH in this test site, with 95% of the values between 6.5 and 7.2 and the HCMF treated water was 0.1 units below, with 95%
of the values between 6.4 and 7.2, when dosing 7-10 mg For the three RSs studied, the electrical conductivity was observed to be constant and around 1 mS/cm, and did not change after HCMF.
From the operational point of view, stable operation of the HCMF was obtained for each RS. As expected, higher quality intake water allowed a more demanding operation in RS2 and RS3, while for RS1 milder operation conditions behaved better.
In RS1, steady operation was achieved with a flux of 
CONCLUSIONS
The results obtained in this long-term testing of three RSs with significant differences in the intake water quality demonstrated the effectiveness, reliability and efficiency of the hybrid coagulation-ceramic MF pilot towards water quality. Regardless of the strong and severe variations in the HCMF pilot intake, particularly observed in RS1, the pilot consistently produced highly clarified water (monthly median <0.1 NTU), bacteria-free. In addition, it was able to reduce the organic matter content of the intake water, therefore reducing the DBP formation potential and producing high-quality reclaimed water for a wide range of uses.
From the operational point of view, stable operation was achieved in all RSs, using mostly 7-10 mg Fe/L, with fluxes between 80 and 100 lmh and with high water recovery rates, ranging from 96.6 to 98.6%.
